PCMR is used to evaluate the Chiari I malformation. We compared quantitative PCMR in symptomatic and asymptomatic patients with Chiari I.
F
riede and Roesmann, 1 who first described the "adult Chiari I malformation," noted that the malformation may be symptomatic in some individuals and asymptomatic in others. Because of the large variety of symptoms that may characterize the malformation and because of the relative lack of specific signs and symptoms, clinical classification of patients with Chiari I as symptomatic or asymptomatic is based on clinical judgments. An objective test would facilitate the selection of patients who would benefit from craniovertebral decompression. The position or the shape of the tonsils in the spinal canal and the degree of tonsil pegging do not predict the presence or severity of clinical symptoms. 2 Therefore, PCMR has a role in the evaluation of patients with Chiari I, especially those who are candidates for craniovertebral decompression to relieve symptoms and syringomyelia.
Many PCMR studies have documented that the cyclic cardiacϪrelated CSF flow in the foramen magnum differs in velocity and wave form between patients with Chiari I and control subjects. [3] [4] [5] [6] [7] [8] [9] [10] [11] Fewer studies have been published in which CSF flow has been compared in symptomatic and asymptomatic subjects with Chiari I. In 1 study, the accuracy of PCMR images, interpreted by neuroradiologists qualitatively to distinguish the "symptomatic" from the "asymptomatic" or incidental tonsillar malformations, was approximately 75% with both false-positive and false-negative studies. 12 The goal of this study was to determine if quantitation of CSF flow at the foramen magnum improves the differentiation of the symptomatic and asymptomatic patients with Chiari I. We chose to compare peak systolic and diastolic CSF velocities, which differ significantly between patients with Chiari I and controls and which reflect the degree of flow inhomogeneity. We elected to include measurements of peak velocities with the subject's neck in neutral, flexed, and extended positions, to increase the statistical power of the study and to test if CSF flow velocities vary with the neck flexion and extension.
Materials and Methods
The institutional review board of the University of Wisconsin Hospital and Clinics approved our Health Insurance Portability and Accountability Act-compliant retrospective study and granted a waiver of informed consent.
Patient Selection
A spreadsheet is maintained by the Pediatric Specialty Clinic containing data on patients with the diagnosis of a Chiari I malformation, either discovered incidentally during a CT or MR imaging examination or documented in a symptomatic patient evaluated for treatment options. Each patient seen in this clinic had a thorough history, physical examination, and neurologic examination, on the basis of which the diagnosis and classification were made and treatment was recommended. In the spreadsheet, patient age, syrinx location and length, and tonsillar extension into the cervical spinal canal were tabulated. The presence of apnea spells, Valsalva or exertional headaches, other headaches, back or neck pain, numbness or weakness in extremities, difficulty swallowing, cranial nerve dysfunction, ataxia, scoliosis and subsequent craniovertebral decompression were tabulated if present.
To obtain a cohort of "symptomatic" and "asymptomatic" patients, we reviewed the data collected between November 30, 1999, and August 31, 2008. For the "symptomatic" classification, patients who had apnea spells or exertional headaches, considered relatively specific for the Chiari I malformation, were selected. Additional inclusion criteria were selection for craniovertebral decompression and cerebellar tonsils Ն5 mm below the foramen magnum on MR imaging. Patients with hydrocephalus or intracranial mass were excluded. For the "asymptomatic" classification, patients who lacked apnea spells or exertional headaches were selected. Additional inclusion criteria for the asymptomatic group were cerebellar tonsils Ն5 mm below the foramen magnum and not being selected for craniovertebral decompression. Exclusion criteria for this group were Ն2 of the other signs or symptoms listed in the spreadsheet-that is, headaches, back or neck pain, numbness or weakness in the extremities, swallowing difficulty, cranial nerve dysfunction, ataxia, or scoliosis. Patients who did not meet inclusion and exclusion criteria for either of the 2 classifications were not included in the study.
MR Imaging
Imaging was performed on 1 of three 1.5T scanners equipped with similar software and PCMR capabilities and analysis packages. Imaging included localizer images, sagittal T1-and T2-weighted images of the cervical spine, and a series of head and axial spine images as clinically indicated. Axial and sagittal PCMR images were acquired in each patient with similar techniques. The images were gated to the cardiac cycle by electrocardiography. The plane of acquisition for the From top left to lower right, PCMR images of 6 of 14 successive phases in a cardiac cycle in a patient with symptomatic Chiari I malformation and evidence of synchronous bidirectional flow. The CSF subarachnoid space is indicated with black arrows. Flow changes during these 6 phases go from a negative (black) to a positive direction (white). During the final 3 phases in the series, flow is evident in both positive and negative directions.
Fig 2.
From top left to lower right, PCMR images of 6 of 14 successive phases in a cardiac cycle in a patient with asymptomatic Chiari I malformation and no evidence of jets. The arrows demonstrate the subarachnoid space. The CSF flow changes during these 6 phases go from a negative direction (upper 3 images) to a positive direction (lower 3 images). At no time in the cardiac cycle are large jets evident.
PCMR images was selected according to a standard protocol. For sagittal images, the midline sagittal plane was chosen. For the axial images, a plane transverse to the axis of the spinal canal immediately below the tonsillar tips was selected. For the phase-contrast flow measurement with the axial PCMR, the acquisition parameters were flip angle, 20°; TR/TE, 20/5 ms; section thickness, 5 mm; FOV, 180 mm; matrix, 256 ϫ 256; and encoding velocity 10 cm/s. In each subject, the CSF flow images were first acquired with the patient's neck in a neutral position, then in a flexed, and finally in an extended position. Flow images were stored on the PACS of the institution.
A neuroradiologist with experience in CSF flow studies, blinded to the classification of the patient as symptomatic or asymptomatic, reviewed the PCMR studies in all patients included in the symptomatic and asymptomatic groups for evidence of CSF flow jets and synchronous bidirectional flow, signs used in previous studies to differentiate symptomatic and asymptomatic CSF flow patterns. The neuroradiologist also evaluated the position of the neck in the neutral, flexion, and extension studies to confirm that neck flexion and extension were achieved for these studies. The neuroradiologist inspected images for craniovertebral abnormalities and for the shape of the tonsils.
CSF Velocity Calculation
CSF flow velocities were calculated from the axial PCMR images on a commercial program (ReportCARD; GE Healthcare, Milwaukee, Wisconsin). The 14 successive flow images were inspected to determine their technical adequacy and the anatomic location of the vertebral arteries and subarachnoid space. A region of interest was selected on the PCMR images to include the entire subarachnoid space and exclude the vertebral arteries. A second region was selected to include only stationary tissue outside the foramen magnum, to calculate a correction of the CSF flow data for eddy currents. The Report-CARD program displayed the velocities in tabular and graphic formats for each voxel in each of the 14 phases of the cardiac cycle. All graphs were reviewed by 1 investigator to check for aliasing, jets, and possible contamination with vascular flow. The greatest positive value during the systolic phase and the greatest negative velocity during the diastolic phase were recorded as the peak systolic and diastolic velocities. Peak flow velocities were calculated similarly for flexion and extension.
Statistical Testing
A mixed-effects ANOVA model with peak flow velocities as the response; group, neck position, and their interaction as fixed effects; and subjects as a random effect to account for multiple measures was fit to examine differences in velocities due to symptomatic/asymptomatic groups and by the 3 neck positions. Model diagnostic checks verified that the assumptions of the model were sufficiently met, separately for systolic velocities and diastolic velocities.
Differences in the incidence of jets and bidirectional flow between the symptomatic and asymptomatic groups were tested for significance by a Fisher exact test with significance set at .05. Differences in flow velocities between symptomatic and asymptomatic individuals at each individual neck position were tested by 2-sided Wilcoxon rank sum tests. Before these tests were run, the distributions were examined and were deemed borderline normally distributed; therefore, a nonparametric test was used. All analysis was conducted by using R-project 2.8.1 (http://r-project.en.softonic.com).
Average peak velocities for symptomatic and asymptomatic patients by neck position and flow direction

Results
Patients
In the time interval selected for the study, 156 patients were tabulated. Of these, 29 were excluded for 1 of the following reasons: tonsils did not extend Ն5 mm below the foramen magnum, no flow study was performed (8 patients), or flow data were not suitably archived for CSF flow calculations (17 patients). Of the remaining 127 patients, 26 were classified as symptomatic and 24 as asymptomatic. The 26 patients classified as symptomatic according to our criteria included 8 males and 18 females, 1-54 years of age (mean age, 17 years). The 24 patients classified as asymptomatic included 6 males and 18 females, 3-43 years of age (mean age, 14 years). Seven patients in the asymptomatic group had no symptoms, and 17 had nonspecific headache symptoms. Seventy-seven patients did not meet the inclusion and exclusion criteria and were not included in the study. They included 49 patients who had symptoms tabulated in the spreadsheet but were not selected for surgical treatment and, therefore, did not meet criteria for "symptomatic." They also included 28 patients who were not selected for surgical treatment and had Ն1 symptom associated with the Chiari I malformation and, therefore, did not qualify as "asymptomatic."
MR Imaging
All patients included in the study had PCMR images adequate to evaluate CSF flow patterns. Flow jets or synchronous bidirectional flow was present in 12 of 26 symptomatic patients (Fig 1) and in 6 of 24 asymptomatic patients (Fig 2) . Flow jets tended to occur more often in the symptomatic than in the asymptomatic patients (P ϭ .054) (Fig 3) . The neuroradiologist noted no differences in tonsil shape or position between the symptomatic and asymptomatic groups and noted no basilar invagination or other craniovertebral anomalies in either patient group.
CSF Velocities
Some patients lacked complete velocity data for the 3 neck positions. Twenty-three symptomatic and 22 asymptomatic patients had systolic and diastolic data for the neutral position, 21 symptomatic and 16 asymptomatic patients had systolic and diastolic data for the flexion position, and 23 symptomatic and 16 asymptomatic patients had systolic and diastolic data for the extension position. Missing data were due to incomplete data acquisition or because of technical error. The average velocities for the 3 positions are shown in the Table. Assuming that data were missed randomly, we found no significant differences between symptomatic and asymptomatic groups or between neck positions (P values ϭ .3-.9, ANOVA).
Discussion
The study showed no significant differences in peak CSF velocities in the foramen magnum of patients classified on the basis of strict criteria as having "symptomatic" Chiari I malformation in comparison with those classified as "asymptomatic." Neck position did not have a significant effect on peak CSF velocities. The study suggests that to differentiate symptomatic and asymptomatic patients with Chiari I, quantification of CSF flow at the foramen magnum adds little to the visual inspection of flow patterns. Qualitative and quantitative results in this study agree with those in previous publications. The presence of greater jets and synchronous bidirectional flow in symptomatic-versusasymptomatic patients with Chiari I in this study concurs with findings previously reported. 11, 12 We found CSF velocities in the range of 2-20 cm/s in patients with Chiari I, as in previous studies. 4, 6, 11 To our knowledge, no previous study has quantitatively compared the peak CSF velocities and flow patterns of symptomatic and asymptomatic patients with Chiari I.
The most significant limitation in this study is the lack of a criterion standard to classify and distinguish symptomatic and asymptomatic patients with Chiari I. We relied on rigid criteria, which excluded the patients on whom we had CSF flow data. Our groups cannot be considered typical or representative of symptomatic and asymptomatic patients with Chiari I in general because of the strictness of our criteria. Some cases may have been misclassified. Other limitations include the lack of matching of age and sex between the 2 groups. The younger ages of the symptomatic patients may have biased the results toward greater velocities in this group. 13 Some subjectivity in the recognition of flow jets must be acknowledged, though the image inspection was performed in a blinded manner and as in a previous study. 12 The degree of flexion and extension was not measured or compared between groups in this study. In both groups, flexion and extension were limited and variable in the environment of the scanner.
This study suggests that measuring CSF velocities at the foramen magnum does not significantly add to the differentiation of symptomatic and asymptomatic patients with Chiari I. Quantitation of flow at the foramen magnum does not predict whether a patient will benefit from craniovertebral decompression. Whether sampling CSF velocities below the foramen magnum will improve the accuracy of classification has not been shown, while CFD studies suggest that peak velocities may increase below the foramen magnum.
14, 15 We await further studies with CFD to better characterize CSF flow.
Conclusions
Quantitative analysis of CSF flow velocities in the foramen magnum did not differentiate symptomatic and asymptomatic patients with Chiari I.
